The health benefits of garlic and other organosulfur-containing foods are well recognized 22 and have been attributed to both pro-oxidant and antioxidant activities. The effects of garlic are 23 surprisingly similar to those of hydrogen sulfide (H 2 S) which is also known to be released from 24 garlic under certain conditions. However, recent evidence suggests that polysulfides, not H 2 S, 25 may be the actual mediator of physiological signaling. In this study we monitored formation of 26 H 2 S and polysulfides from garlic oil in buffer and in HEK 293 cells with fluorescent dyes, 27
H 2 S and polysulfides from garlic oil in buffer and in HEK 293 cells with fluorescent dyes, 27
AzMC and SSP4, respectively and redox activity with two redox indicators roGFP and DCF. 28
Our results show that H 2 S release from garlic oil in buffer requires other low molecular weight 29 thiols such as cysteine (Cys) or glutathione (GSH), whereas polysulfides are readily detected in 30 garlic oil alone. Administration of garlic oil to cells rapidly increases intracellular polysulfide but 31 has minimal effects on H 2 S unless Cys or GSH are also present in the extracellular medium. We 32 also observed that garlic oil and diallyltrisulfide (DATS) potently oxidized roGFP in buffer but 33 did not affect DCF. This appears to be a direct polysulfide-mediated oxidation that does not 34 require a reactive oxygen species intermediate. Conversely, when applied to cells, garlic oil 35 became a significant intracellular reductant independent of extracellular Cys or GSH. This 36 suggests that intracellular metabolism and further processing of the sulfur moieties are necessary 37 to confer anti-oxidant properties to garlic oil in vivo. 38
INTRODUCTION 43
Garlic and other organo-sulfur bearing plants have been used by humans for medicinal 44 purposes for at least 6,000 years (32). The wisdom of the Ancients has largely been borne-out 45 by current research and in research animals, if not always in humans, there is accumulating 46 evidence that garlic and organo-sulfur compounds have a myriad of beneficial effects. These 47 have been summarized in a number of recent reviews (1, 3, 4, 7, 18, 38, 48, 52, 61, 64, 66) . 48
Considerable interest in garlic metabolism has focused on the pathway whereby the 49 endogenous precursor, alliin (S-allyl-L-cysteine sulfoxide), is metabolized to allicin by the 50 carbon-sulfur lyase enzyme, alliinase, the latter being released when garlic cells are damaged. 51
Allicin rapidly undergoes non-enzymatic decomposition into diallyl monosulfide (DAS) and oil-52 soluble polysulfides, most notably diallyl disulfide (DADS) and diallyl trisulfide (DATS; 54) . 53
Much of the biological activity of these polysulfides has been attributed to DATS; the purported 54 biological activity of DADS being questioned by purported DATS contamination common in 55 commercial preparations (30) . 56
The mechanism through which DATS exerts its biological activity has not been 57 completely resolved but recent attention has focused on release of hydrogen sulfide (H 2 S). This 58 has been demonstrated in buffer (2) and in the presence of red blood cells (2) or homogenized 59 heart tissue (47). H 2 S release from DATS in buffer is not spontaneous but can be accomplished 60 non-enzymatically in the presence of another organosulfur such as glutathione (GSH), cysteine 61 (Cys) or homocysteine (Hcys) with the relative potency, GSH>Cys>Hcys (2). H 2 S is notreleased from DAS and it is not clear if its release from DADS (2) is also due to DATS 63 contamination. 64
Interest in H 2 S as the active component in garlic not only stems from its release from 65 DATS and other polysulfides but also lies in the almost uncanny similarity in their biological 66 actions. Both H 2 S and garlic oil have been shown to be cardioprotective (6, 13, 18, 25, 26, 31, 67 35, 67) and contribute to ischemic conditioning (45, 65) . Both are anti-inflammatory (7, 56) , 68
anti-atherosclerotic (29, 33, 62) , induce Ca 2+ influx in astrocytes (22) and have been reported to 69 act as potent antioxidants (5, 9, 15, 21, 49, 53, 59, 60) and decrease oxidative stress (28, 31, 68) . 70
It is clear from the above that many of the actions of the organosulfur compounds have 71 been linked to their antioxidant properties. Paradoxically, however, many of the effects of these 72 compounds (e.g., opening vascular KATP channels, nuclear translocation of Nrf2 in activation of 73 antioxidant defenses, reduction in TNF-α in Parkinsonism, to name a few) are best explained by 74 a pro-oxidant effect on reactive protein cysteines (see below), or by over-all increases in 75 oxidative stress (27, 46, 51, 57) . 76
Both pro-and anti-oxidant activities have been ascribed to H 2 S and related polysulfides 77 (PS; H 2 S n , n=2-8), although, there is increasing evidence that their pro-oxidant effects are 78 considerably more prevalent than originally thought (8, 40) . Arguably, the greatest interest in 79 H 2 S and polysulfide signaling is in their ability to bind to a protein cysteine through a process 80 called sulfhydration, or more appropriately persulfidation (11), and thereby change the functional 81 properties of that protein (11, 19, 20, 37, 44) . At least 15 structural proteins or enzymes have 82 been shown to be modified through this process (44) and many of these appear to be proteins that 83 are also activated or inactivated by organosulfur compounds. Polysulfides can directly 84 persulfidate protein cysteines, whereas H 2 S cannot as both the cysteine and H 2 S sulfur atoms are 85 in their most reduced state. H 2 S sulfuration requires a two-electron oxidation of either sulfur or a 86 one-electron oxidation of both; the mechanism through which this occurs is only beginning to be 87 revealed, although the outcome is well documented (23). While H 2 S may reduce a very select 88 number of disulfide bridges in proteins (37), there is relatively little evidence to support the 89 common assumption that it is a potent reductant as H 2 S does not readily react with peroxide (39). 90
We (8) recently observed that H 2 S and related Polysulfides readily oxidize a number of 91 indicators commonly used to detect redox state and reactive oxygen species including redox 92 sensitive green fluorescent protein (roGFP), 2',7'-dichlorofluorescein (DCF), MitoSox Red and 93 Amplex Red. In the present studies we used two of these indicators, roGFP and DCF, along with 94 specific fluorescent indicators of H 2 S (7-azido-4-methylcoumarin, AzMC) and polysulfides 95 (SSP4) to examine H 2 S and polysulfides release from garlic oil and DATS and to determine their 96 potential to act as an oxidant or reductant. We also examined H 2 S and Polysulfides production 97 in cells exposed to garlic oil in normoxia and hypoxia. To our knowledge, this study is the first 98 to directly measure the effects of garlic oil on intracellular H 2 S and polysulfides and to evaluate 99 presence of GSH than with DATS alone. Furthermore, 2 mM Cys produced a rapid increase in 228 polysulfide concentration with both 10 and 100 μM DATS, whereas polysulfide concentration 229 increased slowly, nearly linearly, with GSH or DATS alone. 230
231

Effects of garlic oil on H 2 S and polysulfide in HEK293 cells 232
The effects of garlic oil alone and in combinations with Cys or GSH on intracellular H 2 S 233 (AzMC fluorescence) and polysulfides (SSP4 fluorescence) in HEK293 cells exposed to 234 normoxia (21% O 2 ) or hypoxia (<0.4% O 2 ) are shown in Figs. 5, 6 . Intracellular H 2 S gradually 235 increased in all cells over time. 100 μM garlic oil modestly increased H 2 S in cells in normoxia 236
and essentially doubled it in hypoxia; 1 mM garlic oil was without effect in normoxia but also 237 increased H 2 S in hypoxia. Conversely, 1 mM garlic oil was more efficacious than 100 μM garlic 238 oil in increasing intracellular polysulfides and there was no significant effect of hypoxia. 239
Addition of either Cys (2 mM) or GSH (2mM) to garlic oil greatly increased intracellular H 2 S 240 under all conditions, although hypoxia blunted the effect of 1 mM garlic oil in the presence of 241 GSH. Intracellular polysulfides were increased ~5-and 25-fold by 100 μM and 1 mM garlic oil, 242 respectively and these responses were unaffected by either Cys or GSH. GSH alone did not 243 affect either H 2 S or polysulfide in these cells. 244
245
Interaction of reduced/oxidized cysteine and glutathione and garlic oil with the reactive oxygen 246
species (ROS) indicator, roGFP
In order to examine the redox properties of garlic compounds on roGFP we first 248 determined the effects of reduced and oxidized cysteine (Cys and CSSC, respectively) and 249 reduced and oxidized glutathione (GSH and GSSG, respectively) on roGFP ( Fig. 7 top panels) . 250
Cys reduced roGFP at 1 and 3 mM, the same concentrations of GSH also initially reduced 251 roGFP, although to a lesser extent. roGFP was concentration-dependently oxidized by >3 μM 252 CSSC with 1 and 3 mM producing nearly complete oxidation at 90 min. All GSSG 253 concentrations oxidized roGFP, albeit at a slower rate and lower extent oxidation at 90 min 254 compared to CSSC. 255 roGFP was concentration-dependently oxidized by both garlic oil alone ( Fig. 7) and 256 DATS (not shown). Significant roGFP oxidation was produced by 1 μM, the lowest 257 concentration of garlic oil and DATS employed. The maximum responses were attained at 30-258 100 μM garlic oil and 300 μM DATS. Low concentrations of garlic oil or DATS were initially 259 unable to overcome Cys reduction of roGFP, although the protein became progressively more 260 oxidized thereafter. roGFP was nearly completely oxidized in the presence of 2 mM CSSC 261 masking nearly all of the effects of garlic oil or DATS. GSH and GSSG had similar effects on 262 garlic oil and DATS as Cys and CSSC, respectively, although the effects were less pronounced. 263
If the roGFP was not reduced prior to experimentation and remained ~100% oxidized 264 (fraction oxidized ~1.0; Fig. 8 ) it was slightly, but concentration-dependently reduced by high 265 concentrations (≥ 300 μM) of garlic oil. Cys (2 mM) and GSH slightly enhanced garlic oil's 266 efficacy, although the latter to a lesser extent. Neither CSSC nor GSSG affected the garlic oil 267 response. 268
Effects of garlic oil on roGFP oxidation in HEK293 cells 270
In spite of our inability to accurately calibrate intracellular redox conditions, we were 271 able to monitor relative changes in cytoplasmic redox after application of garlic oil (Fig. 9) . In 272 normoxia, 10 μM garlic oil slightly reduced the cytoplasm after 2 h, whereas 100 μM garlic oil 273 immediately and substantially reduced the cytoplasm and it remained so for the entire 24 h 274 experimental period. One mM garlic oil produced the greatest cytoplasmic reduction 275 immediately after application but the cytoplasm became progressively more oxidized thereafter. 276
These responses were unaffected by the simultaneous application of 1 mM Cys or GSH. 277
Cytoplasmic reduction by 100 μM garlic oil was even more pronounced when cells were 278 exposed to hypoxia, whereas 1mM garlic oil was considerably less efficacious of a reductant. In 279 hypoxia both Cys and GSH augmented the reductive effects of 100 μM and 1 mM garlic oil. 280
281
Effects of garlic on the reactive oxygen species (ROS) indicator, 2',7'-dichlorofluorescein (DCF) 282
Garlic oil alone (1 μM-3 mM) did not produce DCF fluorescence, whereas fluorescence 283 was concentration-dependently increased by Cys, GSH, CSSC and GSSG (Figs. 10, 11) Generation of H 2 S from garlic oil in buffer or homogenized tissue has been shown to 311 require the presence of low-molecular weight thiols and subsequent H 2 S signaling is believed to 312 play a major role in the physiological effects of garlic (2, 47; see also Introduction). Our resultsconfirm that H 2 S is generated from garlic oils in buffer (Fig. 3 ) but they also indicate that there is 314 a threshold concentration above which the garlic oil inhibits Cys-and GSH-mediated H 2 S 315 release. There was less evidence, however, that increases in H 2 S in buffer are directly translated 316 into substantial increases in intracellular H 2 S unless low molecular weight reduced thiols (Cys or 317 GSH) were also present in the extracellular medium (Fig. 5) . We believe that the large (3-7 fold) 318 increase in intracellular H 2 S in the presence of extracellular Cys or GSH was due to rapid H 2 S 319 production in the extracellular milieu and subsequent diffusion of H 2 S into the cells. One would 320 have expected that intracellular GSH, which is also present in millimolar concentrations, would 321
foster similar H 2 S production with extracellular garlic oil alone, but that did not occur. Perhaps 322 this is because garlic oil diffusion into the cells is slower than that of H 2 S and with the slower 323 delivery of substrate, H 2 S metabolism would better be able to keep pace with H 2 S formation. 324
This hypothesis is supported by the observation that intracellular H 2 S concentration after garlic 325 oil application was greater when the cells were hypoxic (Fig. 6 ) and by previous observations 326 that cellular H 2 S metabolism is to a large extent O 2 -dependent (41). Alternatively, the garlic oil 327 sulfides could be metabolized to other persulfides or thiols without H 2 S formation (see below). 328
Our results show that SSP4 clearly measures polysulfides from garlic oils in buffer (Fig. 329 4) and in cells (Fig. 5) and that this does not require the presence of either Cys or GSH (Fig. 4) . 330
High concentrations of the garlic oils inhibit SSP4 fluorescence but this is not specific for garlic 331 oil as similar effects were observed using a mixed polysulfide (H 2 S n , n=1-8). More importantly, 332 our results show that garlic oil polysulfides enter HEK293 cells and that this is independent of 333 other low-molecular weight thiols (Figs. 5, 6) . We believe these polysulfides are the most 334 relevant signaling moieties of the garlic oils. 335 336
3.) The physiological effects of garlic oil mediated through reactive protein cysteines are 337
accomplished without H 2 S formation. 338
While addition of 2 mM Cys or 2 mM GSH to garlic oil was necessary to substantially 339 increase intracellular H 2 S in HEK293 cells (Fig. 5) , neither Cys nor GSH were necessary for the 340 effect of garlic oil on intracellular redox status of roGFP ( Fig. 9 ). This indicates that the effects 341 of garlic oil on cellular redox status is due to garlic oil polysulfides and independent of H 2 S. 342
A number of studies have shown that sulfur signaling via regulatory protein cysteines is 343 effectively accomplished by polysulfides through the process of persulfidation (11, 20, 37, 42-344 44) . In this process one (or more?) sulfur atoms becomes covalently bound to a protein cysteine 345 thereby altering protein function. Over 15 proteins have been shown to be regulated via 346 sulfuration and this number is rapidly increasing (44). However, H 2 S cannot persulfidate protein 347 cysteines because sulfur is in its most reduced form (-2) as are the reactive protein cysteines and 348 their reaction is not favored (11, 55). In order for H 2 S to persulfidate, either it, or the protein 349 cystine sulfur, must first undergo a two electron oxidation to sulfane sulfur (0 formal oxidation 350 state), or both must undergo a one-electron oxidation, which is less likely. The sulfane 351 (thiosulfoxide) sulfur in DADS (RSSR) and DATS (RSSSR), where R denotes the allyl groups, 352 appears to be especially important in this regard as it can tautomerize to RS(S)R and RS(S)SR 353 and this sulfur is highly reactive (55). Enzymatic processes can also catalyze sulfur transfer and formation of a variety of 362 polysulfide moieties. Dihydropersulfides (H 2 S 2 ), dihydropolysulfides (H 2 S n ), hydropersulfides 363 (RS 2 H) and hydropolysulfides (RS n H), where n = 3-5, have been shown to occur in cells and 364 they can be endogenously generated. Kimura et al. (23) identified H 2 S 2 , H 2 S 3 and H 2 S 5 in mouse 365 brain and showed that the enzymes 3-mercaptopyruvate sulfur transferase (3MST) and rhodanase 366 catalyzed the formation of H 2 S and H 2 S 3 from 3-mercaptopyruvate, an endogenous substrate. 367 Ida et al. (14) showed that the enzymes originally linked to H 2 S biosynthesis, cystathionine γ-368 lyase (CSE) and cystathionine β-synthase (CBS), catalyze the formation of cysteine and 369 glutathione hydropersulfides and/or hydropolysulfides (RSSH, RSSSH and RSSSSH, where R = 370 Cys or GSH) from cystine. They also suggest that the intracellular concentration of these GSH 371 hydropersulfides and hydropolysulfides exceeds 100 μM. Recently, Yadav et al. (63) showed 372 that under more physiological conditions CSE and CBS are more likely to generate H 2 S than 373 either hydropersulfides or hydropolysulfides from cystine which questions the intracellular 374 concentrations of the latter two reported by Ida et al. (14) and suggests they are far lower. Yadavet al. (63) also suggested that SSP4 is unlikely to detect low molecular weight persulfides in 376 solution but instead detects thiosulfoxides (RS(=S)SR) and that SSP4 itself could bind to 377 cysteine persulfides. The issue is further complicated by the possibility of tautomerization 378 between thiosulfoxides and polysulfides (55). We have shown previously (8) and again in Fig. 2  379 that SSP4 readily responds to dihydropersulfides and dihydropolysulfides, however the decrease 380 in fluorescence at high H 2 S n or garlic oil concentrations (see below) may reflect this persulfide-381 SSP4 interaction. Clearly, additional studies are necessary to fully sort out the reactivity of 382
SSP4. 383
Although never measured, it is quite possible that similar mono and dihydropersulfides 384 and polysulfides are generated from DADS and DATS by 3MST, CSE and CBS and these 385 products would be expected to be quite reactive. The rapid cellular uptake of the garlic 386 polysulfides and their comparatively higher intracellular titers (Figs. 5, 6 ) and reactivities suggest 387 that they are far more relevant than H 2 S to the biological actions of garlic. In addition, these 388 enzymatically generated persulfides and polysulfides may act as either electrophiles or 389 nucleophiles (11, 37, 42, 43) . 390 391
4a.) Garlic oils are effective oxidants but poor reductants 392
Our experiments with roGFP, arguably the "gold standard" indicator for ROS (50) show 393 that garlic oil alone acted as a potent oxidant and was effective at concentrations as low as 1 μM 394 (Fig. 7) . This is similar to our previous report (8) where 1 μM of the mixed polysulfide, H 2 S n 395 also effectively oxidized roGFP. Furthermore, while cysteine and glutathione reduced roGFPthese effects could be overcome by garlic oil oxidation at substantially lower concentrations of 397 garlic oil. Conversely, high concentrations (~1-3 mM) of garlic oil were able to reduce the 398 oxidized roGFP (Fig. 8) which was also similar to the effects of H 2 S n at these same two high 399 concentrations (8). Our previous experiments (8) and those in the present study also suggest that 400 this "oxidative" process is independent of oxygen or its reduced species, superoxide anion, 401 hydrogen peroxide and hydroxyl radical. 402
4b. Garlic oil oxidation of roGFP does not require reactive oxygen species 403
Most scenarios of sulfur compounds, especially thiols and polysulfides acting as oxidants 404 indicate that this is ultimately achieved by generation of reactive oxygen species, not by the 405 thiols themselves (10, 16, 36, 58) . Munday (36) describes a catalytic cycle whereby an oxidized 406 transition metal reacts with a thiol to form a thiyl radical (eq. 1) which reacts with another thiol 407 to form the disulfide radical anion (eq. 2) that then auto-oxidizes forming a disulfide and 408 superoxide anion (eq. 3). Superoxide can further react with another thiol to produce peroxide 409 and regenerate the thiyl radical (eq. 4). The reduced metal can also reduce oxygen to superoxide 410 or peroxide to hydroxyl radical. 411
Oxyhemoglobin can also react with thiols to form peroxide (eq. 5; ref 36) and H 2 S binding to 416 cytochrome c also leads to superoxide production (58). We recently showed that H 2 S and dihydropolysulfides (H 2 S n ) mimic ROS activation of a 419 variety of sensors designed to measure ROS including roGFP, DCF, MitoSox Red and Amplex 420
Red (8). Furthermore, we showed that sulfide "oxidation" of roGFP was actually increased in 421 hypoxia (O 2 <4 μM). Our present experiments show that garlic oil are also efficacious roGFP 422 oxidants (Fig. 7) , and although we did not examine this in hypoxia, parallel experiments with 423 DCF support our conclusion of an oxygen-independent process. 424 DCF has been shown to be relatively non-specific for reactive oxygen species (ROS) but 425 because it appears insensitive to direct oxidation by either O 2
• -or H 2 O 2 it has been suggested 426 that DCF oxidation requires hydroxyl radicals generated from H 2 O 2 and transition metal ions via 427
Fenton-type reactions (17). However, in the present experiments we found no evidence for 428 garlic oil oxidation of DCF in normoxia and presumably in the presence of trace metals (Fig. 10) . 429
This suggests that, a) garlic oil does not produce ROS, and, therefore, b) garlic oil oxidation of 430 roGFP is accomplished through some ROS-independent mechanism, most likely sulfur-sulfur 431 interactions. Furthermore, the apparent paradoxical ability of garlic oil to greatly enhance DCF 432 fluorescence, which only occurs in the presence of Cys or GSH (Fig. 10) , can be readily 433 explained by Cys and GSH liberation of H 2 S from garlic oil (Fig. 3) and subsequent H 2 S-434 mediated increase in DCF fluorescence, as we have previously shown (8). The ability of Cys 435 and GSH to reduce roGFP (Fig. 7 ), yet oxidize DCF (Fig. 10) is further evidence that these 436 reactions do not have ROS generation as the common denominator. 437
Garlic oil as an intracellular reductant 439
To our knowledge, this study is the first to measure the effects of garlic oil on 440 intracellular H 2 S, polysulfides and redox conditions. As we found little evidence that garlic oil 441 or DATS is a reductant in buffer (except at high concentrations; Fig. 8 ), the conundrum is how 442
can it become one in cells (Fig. 9) ? Furthermore, why is this reversed at higher garlic oil 443 concentrations and why does hypoxia amplify both the reductive effect of 100 μM garlic oil and 444 the reversal of this effect by 1 mM garlic oil. While there are a number of possibilities, these 445 must include short-and long-term effects as we observed both over the 24 h experimental period. 446
The short-term responses which were seen immediately upon application of the garlic oil 447 must be explained by reaction of garlic oil with an intracellular molecule or molecules that 448 subsequently reduce roGFP. The most likely are direct sulfide or disulfide exchange processes 449 and/or enzymatic reactions as described above. The long-term effects could be explained by 450 persulfidation of Keap1. This dissociates the Keap1-Nrf2 complex allowing the latter to 451 translocate to the nucleus and activate the antioxidant response elements (24). 452
453
PERSPECTIVES 454
Humans have known for eons that some foods bring more to the table than just calories. 455
Clearly this is the case with garlic. Sulfur springs also have a long history in human culture and 456 at the crossroads of these seemingly disparate and malodorous medicinals is sulfur. Since the 457 original description that hydrogen sulfide is a physiologically relevant signaling molecule 458 considerable emphasis has been placed on its metabolism and mechanisms of action. Notsurprisingly, it has also been demonstrated that hydrogen sulfide is released from garlic under 460 certain conditions. Very recently, however, the ability of hydrogen sulfide to directly interact 461 with regulatory proteins has been questioned and focus has now turned towards polysulfides as 462 the biologically relevant mediators. In our studies we show that polysulfides derived from garlic 463 readily enter cells and may in fact be directly responsible for garlic's attributes. But this is not 464 the final answer. Considerable questions remain regarding intracellular trafficking of the sulfur 465 compounds as well as their metabolism and signaling attributes. With the considerable emphasis 466 now being placed on the therapeutic benefits of synthetic hydrogen sulfide "donating" 467 compounds perhaps we should take an even more rigorous look at these natural sulfides as they 468 can be cultivated under a wide range of conditions with minimal expenditure of energy or labor. 
FIGURE LEGENDS 665
Figure 1. Sensitivity and selectivity of AzMC to H 2 S, polysulfides (H 2 S n ), cysteine (Cys), 666 glutathione (GSH), cystine (CSSC) and oxidized GSH (GSSG). AzMC is selective for H 2 S over 667 H 2 S n but it is insensitive to CSSC, GSSG and to Cys and GSH at the concentrations used in this 668 study (2 mM). Note: scales are expanded to those of Fig. 3 glutathione (GSH), cystine (CSSC) and oxidized GSH (GSSG). SSP4 is sensitive to H 2 S n , 673 somewhat sensitive to CSSC, but insensitive to H 2 S or to 2 mM Cys or GSH (concentrations 674 used in this study). Note: the ordinate is expanded for CSSC, GSSG and 2 mM Cys or GSH to 675 correspond to comparable experiments in Fig. 4 . Mean ±SE, n=3 experiments. 676 677 Figure 3 . H 2 S production from garlic oil and DATS. In normoxia (top panels) garlic oil alone 678 did not produce appreciable amounts of H 2 S, whereas a concentration-dependent steady rate of 679 H 2 S formation was observed between 1 and 300 μM garlic oil in the presence of either 2 mM 680 cysteine (Cys) or 2 mM reduced glutathione (GSH). H 2 S production from garlic oil in the 681 presence of either Cys or GSH decreased when the oil concentration exceeded 300 μM. 682
Essentially similar results were observed in hypoxia (<5 μM O 2 , middle panels). H 2 S was not 683 generated from garlic oil by either cystine (CSSC) or oxidized glutathione (GSSG) in normoxia 684 or hypoxia (bottom right panels). H 2 S is also produced in normoxia from DATS in the presenceof Cys or GSH (bottom left panel). Dashed lines indicate 100 μM H 2 S from simultaneous Na 2 S 686 calibration curves. Garlic oil or DATS was added at -10 min; values are mean ±SE, n=3 687 experiments. 688 Figure 4 . Polysulfides in garlic oil and DATS. In garlic alone polysulfide concentration 690 increased between 1 and 10 μM, was maximal at 10 and 30 μM and decreased thereafter. With 2 691 mM Cys, polysulfides were not apparent until garlic oil reached 30 μM, were maximal at 100 692 μM and decreased thereafter. Garlic oil polysulfide concentrations were lowest in 2 mM GSH. 693
Oxidized thiols, cystine (CSSC, 2mM) and to a lesser extent, glutathione (GSSG, 2 mM), 694 increased SSP4 fluorescence by low (1-30 μM) garlic oil concentrations. Polysulfides in DATS 695
were greatest with 100 μM DATS in 2 mM Cys folowed by 100 μM DATS in 2 mM GSH and 696 10 μM DATS alone. Garlic oil and DATS were added at -10 min; values are mean ±SE, n=3 697 experiments. Use of different instruments produced the variations in the y axis scale. 698 
